In this study, the physiology of normally developed and underdeveloped shoots is compared in an attempt to quantify the effect of shoot heterogeneity in a Shiraz/Richter 99 vineyard, located in the Stellenbosch area of the Western Cape, South Africa. Comparisons are made between normally developed and underdeveloped shoots from shaded and well-exposed canopies. In the first five weeks after véraison, photosynthetic and transpiration rates, stomatal conductance and water-use efficiency (WUE) decreased as berry ripening progressed, while the internal CO 2 levels of the leaves increased. Since differences in activity between individual leaves from normally developed and underdeveloped shoots only became apparent in the third week after véraison, it seemed as if the leaf area per shoot played a more important role than the photosynthetic output per unit leaf area in determining photosynthetate supply to the rest of the vine up to this stage. From the third week after véraison, higher levels of photosynthetates were produced by normally developed shoots than by underdeveloped shoots, due to the larger effective leaf area per shoot as well as the higher photosynthetic activity per unit leaf area. This points to premature senescence of the leaves on underdeveloped shoots. The quantity and quality of the yield from normally developed shoots are expected to benefit from the higher physiological output of the leaves. The enhancing effect on leaf functioning induced by canopy exposure became apparent from the third week after véraison.
Yield, berry maturation and wine quality are dependent on canopy structure (Carbonneau, 1995) . The leaf area (LA):trellis surface area (SA) ratio correlated well with must and wine analyses and sensory scores (Smart, 1982) , as well as with the canopy microclimate (Smart et al., 1985) . The physiological functioning of the canopy was found to be dependent on the amount and spatial distribution of the leaf surface (Archer & Strauss, 1989a) . According to Carbonneau et al. (1997) the exposed leaf area that is able to reach maximum photosynthetic rate, thus ensuring a largely positive carbon balance for the plant beyond its own carbon requirement, is a good estimation of the physiological potential of the whole canopy. This implies that the number of leaves on each individual shoot that are able to photosynthesise optimally may be a good estimation of the physiological potential of that specific shoot, and thus of the vine.
In order to reach the photosynthetic potential of a shoot (and vine) , photosynthetic conditions, including sunlight exposure, should be optimal for each leaf . Although genetic factors set an upper limit to photosynthetic capacity, observed instantaneous rates of photosynthesis are more commonly dictated by environmental conditions such as water supply, light, temperature, CO 2 and O 2 , as well as by internal control mechanisms that affect the overall demand for photosynthetates and the partitioning of assimilates within the vine (Huglin, cited in Kriedemann, 1977) .
The photosynthetic efficiency and sucrose export rate of leaves depend on the amount and intensity of sunlight interception (Hunter, 1991) . The higher the number of leaves that are exposed to sunlight radiation and thus increased photosynthetic photon flux density (PPFD), the higher the rate of photosynthesis, until a limit is reached (Kriedemann, 1968) . Optimal photosynthesis occurs at 704 to 1 100 mmol/m 2 /s (Champagnol, 1984) , while the light saturation point seems to differ between grape cultivars (Naor et al., 1994 and references therein) . Due to excessive vegetative growth, dense canopies lead to a suboptimal canopy microclimate that is detrimental to the photosynthetic rate of the whole canopy (Hunter & Visser, 1988; Hunter et al., 1991) .
Radiation and temperature are related linearly (Smart, 1987) . Radiation (be it intensity or duration) increases the temperature of the exposed leaves, which leads to an increase in photosynthetic activity. The optimum temperature for photosynthesis is generally regarded as 25°C to 30°C (Kriedemann, 1977; Alleweldt et al., *Corresponding author: e-mail: theronh@cput.ac.za1982) . This optimum may vary under field conditions. According to Kriedemann (1977) , vine leaves suffer more from desiccation than from high temperature per se. As long as the leaf is hydrated, temperatures of up to 48°C can be endured. Temperatures higher than the optimum for photosynthesis affect enzyme activity negatively due to instability of the enzymes and tissue desiccation (Kriedemann, 1977; Hunter, 1991) .
The total leaf area:crop load ratio may change the demand on the leaves for the supply of carbohydrates and therefore may affect the photosynthetic rate of individual leaves (Petrie et al., 2000) . Source limitation of photosynthesis occurs when the capacity of assimilate-supplying reactions is inadequate for the demand from the sink tissues (Iacono et al., 1995) . In the grapevine, this is usually associated with a high reproductive:vegetative growth ratio when assimilate production of the leaf area is insufficient to meet the demand from the clusters (Bravdo & Naor, 1995) . Sink limitation, on the other hand, occurs when the rate at which assimilates are utilised and/or stored is lower than the rate at which such assimilates are produced and supplied to the sink tissues (Baysdorfer & Bassham, cited in Iacono et al., 1995) . This can be called under-cropping (Bravdo & Naor, 1995) . The result is an accumulation of photosynthetic end products in the leaves and an increase in the internal CO 2 concentration, with a decrease in photosynthetic activity.
In this study, physiological parameters, particularly photosynthetic and related processes, were measured on field-grown vines in an attempt to quantify differences that may exist in the functioning of normally developed and underdeveloped shoots under well-exposed and shaded canopy conditions. MATERIALS AND METHODS Vineyard A vineyard containing seven-year-old Vitis vinifera L. cv. Shiraz, clone SH1A, grafted onto Richter 99 (Vitis berlandieri x Vitis rupestris), clone RY2A, was used for this study. The vineyard is situated on the experimental farm of the Agricultural Research Council (ARC) Infruitec-Nietvoorbij near Stellenbosch in the Western Cape (Mediterranean climate). The vines are spaced 2.75 m ´ 1.5 m on a Glenrosa soil with a western aspect (26° slope) and trained onto a seven-wire lengthened Perold trellising system with movable canopy wires (VSP). Rows were orientated in a north-south direction.
Micro-sprinkler irrigation was applied at the pea-size berry and véraison stages. Pest and disease control was applied during the growth season according to the standard programme of the ARC.
Experimental design
The experiment comprised a completely randomised 2 ´ 3 ´ 2 factorial design. The three factors were: degree of canopy exposure (well-exposed and shaded canopies); ripening stages (two, three and five weeks after véraison); and level of shoot development (normally developed and underdeveloped shoots). The 12 treatment combinations were each replicated three times.
Shaded and well-exposed canopies were randomly created in vines throughout the vineyard block. Only shoot positioning and topping were done to obtain shaded canopies, while additional suckering and leaf thinning (at berry set and pea-size berry in the basal half of the canopy/shoot) were applied where the vines were demarcated as well exposed. Normally developed and underdeveloped shoots were selected on the basis of their comparative length and level of lignification at véraison. The average length of normally developed shoots was 105 cm to 115 cm, while the underdeveloped shoots were approximately 50 cm in length. The degree of lignification of the shoots was scored visually from one to five, with five being completely lignified and one being completely green (Cloete et al., 2006) .
Measurements
The rate of photosynthesis (μmol/m 2 /s), stomatal conductance (mmol/m 2 /s), transpiration (mmol/m 2 /s), PPFD (μmol/m 2 /s), percentage relative humidity, internal CO 2 (mbar) and leaf temperature (°C) were measured in the vineyard with an ADC portable infrared gas analyser (The Analytical Development Co., England), as described by Hunter and Visser (1988) . The water-use efficiency (WUE) was calculated by dividing the rate of photosynthesis by the transpiration rate.
Measurements were taken at 10:00 on the days scheduled (31 January, 8 February and 21 February 2002) . Basally-situated (first three leaves above the clusters), sun-exposed leaves on the shoot were measured in all the cases. In order not to change leaf exposure to PPFD when the measurements were done, care was taken not to change the orientation of the leaves relative to the sun. Three leaves were measured per replicate.
Statistical analyses
Non-parametric bootstrap analyses were used when they proved to be more practical than factorial ANOVA. The significance of the results was evaluated using 95% confidence intervals. During the interpretation of the figures, differences were considered significant when no overlapping of the 95% confidence intervals occurred. Tendencies, rather than absolute statistically significant differences, were mostly discussed. RESULTS AND DISCUSSION Effect of ripening stage on measured physiological parameters It seemed as if the photosynthetic rate of both normally developed and underdeveloped shoots, whether they occurred in shaded or exposed canopies, decreased between the second and fifth week after véraison (Fig. 1) . The decreasing levels of PPFD (Fig. 2 ) in the basal parts of the canopies as grape ripening progressed after véraison could have affected the photosynthetic activity of the leaves. This decrease in radiation inside the canopies is in accordance with the findings of Hunter and Visser (1989) , and has been attributed to normal shoot elongation by Marini and Marini (1983) . Since no further increase in shoot length, leaf number or leaf area was found after véraison (Cloete et al., 2006) , the decrease in PPFD could not have been due to self-shading in the canopies. As all the measurements were taken at the same time in the morning (10:00), the difference in the PPFD penetration at this time may have been due to a change in the angle of sunlight penetration into the canopies as the season progressed.
The observed decrease in photosynthetic rate also agrees with the work done by Kriedemann et al. (1970) , who found a decline in photosynthesis after mature leaf size was reached. Since only basal leaves were measured in this experiment, all of them had attained their full mature size before véraison commenced (Cloete et al., 2006) , partly explaining the observed decrease in photosynthetic rate. Leaf photosynthesis also seems to depend on the demand for assimilates ; an increase in the demand for photosynthetic products resulted in increased photosynthetic acti-vity. According to Kriedemann (1977) , the demand for photosynthetate by sinks showed a downward trend as the season advanced. Hunter et al. (1994) also found that the photosynthetic activity of all the leaves, regardless of leaf position, decreased as the season progressed. The ageing of the leaves, together with sunlight conditions, most likely contributed to this. The decrease in photosynthesis resulted in higher average internal CO 2 levels in the basal leaves of all the shoots in both canopy treatments (Fig. 3) . This may indicate a decreased sink strength as grape ripening progressed. It also points to a decrease in assimilate transport, an accumulation of CO 2 in the leaves, an increased resistance to CO 2 assimilation, and therefore a reduction in the activity of the photosynthetic apparatus with an increase in leaf age (Kriedemann, 1977) .
The ageing leaf anatomy and increasing internal resistance to CO 2 transfer may also have affected stomatal conductivity and transpiration. In agreement with the findings of Hunter and Visser (1988) and Archer and Strauss (1989b) , a decreasing tendency was found for these two parameters (Figs. 4 & 5) . The decrease in stomatal conductance and transpiration rate may also partly be ascribed to a gradual increase in water stress. Irrigation was only applied two weeks before pea-size berry and one week after véraison during the course of this experiment. It was found that, as water stress developed in the vines due to soil water depletion, stomatal conductance decreased before any change in leaf water potential was detected (Flexas et al., 2000) ; this was due to the root signal (primarily abscisic acid) that regulates stomatal aperture under such conditions (Davies & Zhang, 1991) .
The WUE of the normally developed and underdeveloped shoots in shaded and exposed canopies decreased significantly in the fifth week after véraison (Fig. 6 ). Grimes and Williams (1990) and Williams et al. (1994) have shown than the WUE increases substantially with decreasing water supply. In this case, the decrease in WUE was probably due to the decrease in stomatal conductivity, since stomatal closure is the dominant factor changing WUE during a water deficit (Schultz, 1997) . Since the final micro-irrigation was applied one week after véraison, it may be assumed that at least moderate water stress was experienced five weeks after véraison. However, it should be borne in mind that the water loss (rate of transpiration) was higher than what would have been expected from stomatal conductance, due to very high temperatures experienced five weeks after véraison. Despite the low stomatal conductivity, the high transpiration rate would have masked any possible increase in WUE due to stomatal closure. It therefore is possible that, if the measurements were taken on a cooler day in the same week, the WUE may have showed an increase, as suggested by the literature (Schultz, 1997) .
The effect of shoot development on measured physiological parameters
At two weeks after véraison, there was no significant difference in the physiological activity per unit leaf area between the normally developed and underdeveloped shoots. The rates of photosynthesis (Fig. 7) and transpiration (Fig. 8) , stomatal conductance ( Fig.  9 ) and internal CO 2 levels (Fig. 10) , as well as the WUE (Fig. 11) , were similar. No external factor such as PPFD or leaf temperature seemed to limit leaf activity, while internal factors such as leaf age (Hunter & Visser, 1988) and internal resistance to CO 2 transfer (Kriedemann et al., 1970) did not seem to play a significant role at this stage.
Although no physiological difference was apparent between the shoot types, it must be borne in mind that the primary leaves of normally developed shoots were much larger than those of underdeveloped shoots (Cloete et al., 2006) . Furthermore, a significantly higher number of secondary leaves with larger average areas were found on the normally developed shoots, resulting in a significantly higher total leaf area per shoot compared to underdeveloped shoots (Cloete et al., 2006) . It therefore was assumed that the total production of carbohydrates was higher in the normally developed shoots than in the underdeveloped shoots in the second week after véraison.
From the third week after véraison, the difference between normally developed and underdeveloped shoots became more apparent. At three weeks after véraison, the rates of photosynthesis (Fig.  7) and transpiration ( Fig. 8 ) and stomatal conductance (Fig. 9) in the normal shoots continued at levels similar to those measured in the previous week, while, in the underdeveloped shoots, these parameters decreased to levels significantly lower than those of the normal shoots.
Despite the constantly lower levels of PPFD received by the underdeveloped shoots, the average PPFD in the third week after véraison was higher than 1 000 mmol/m 2 /s (Fig. 12 ). Since 704 to 1 100 mmol/m 2 /s is considered to be optimum for the photosynthetic process (Champagnol, 1984) , the level of PPFD was more than sufficient for maximal photosynthesis by the basal leaves from underdeveloped shoots and thus could not have been a reason for the significant decrease in stomatal conductance, transpiration and photosynthesis at this stage. However, a higher degree of variation was noted in the PPFD received by the basal leaves of underdeveloped shoots in both the shaded and exposed canopies. Although temperature, among others, is a critical external factor affecting photosynthesis (Kriedemann, 1977) , no difference in leaf temperature was observed between normally developed and underdeveloped shoots in the third week after véraison (data not shown).
Since the earlier decrease in photosynthetic activity of the leaves from underdeveloped shoots compared to that of normal shoots could not be explained satisfactorily by external factors, such as sunlight radiation or leaf temperature, internal factors such as unbalanced vegetative:reproductive growth, leaf age and internal leaf structure were also considered. An imbalance between vegetative and reproductive growth (over-cropping) may have existed in the underdeveloped shoots, since the average total leaf area per gram of fresh berry mass was calculated as only 10 cm 2 , whereas it is generally accepted that 10 to 12 cm 2 effective leaf area is required to ripen one gram of grapes (Hunter & Visser, 1990 , and references therein). According to Kriedemann (1977) and Hunter (1991) , the photosynthetic activity of a leaf depends on the sink demand for assimilates, and thus the rate of photosynthesis of the leaves of the underdeveloped shoots was expected to increase as the demand for photosynthetates increased. This was, however, not realised in the underdeveloped shoots. Old leaves show a reduction in both photosynthetic capacity and efficiency, which is associated with an increase in internal resistance to CO 2 assimilation (Kriedemann, 1977) There is, however, no reason to believe that the basal leaves of the underdeveloped shoots differed significantly in age to the leaves on the normally developed shoots. It is possible that the internal structure of the leaves from 
FIGURE 6
Water-use efficiency (WUE) of basal leaves from normally developed and underdeveloped shoots in shaded and well-exposed canopies measured in the second, third and fifth week after véraison. Error bars indicate 95% confidence intervals (bootstrap analysis). 
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FIGURE 8 Transpiration rates of basal leaves from normally developed and underdeveloped shoots measured in the second, third and fifth week after véraison. Error bars indicate 95% confidence intervals (bootstrap analysis).
FIGURE 11
Water-use efficiency (WUE) of basal leaves from normally developed and underdeveloped shoots measured in the second, third and fifth week after véraison.
Error bars indicate 95% confidence intervals (bootstrap analysis).
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Normal shoots Underdeveloped shoots the underdeveloped and normal shoots differed from each other, since Crookston et al. (1975) found increased mesophyll resistance in shade-grown bean leaves. As lower PPFD (albeit not statistically significant) was received by the underdeveloped compared to the normally shoots (Fig. 12) , a similar mechanism may have been operative in the former, which may explain the decrease in photosynthetic rate. However, the leaves were not investigated anatomically. It is also possible that the internal structure of the leaves of the underdeveloped shoots was deteriorating slowly as the season progressed because of the high demand from the sinks, which left no room for reserve build-up, recovery or maintenance metabolism.
At five weeks after véraison, the measured parameters still indicated higher levels of physiological functioning in the normally developed than in the underdeveloped shoots. Since higher rates of photosynthesis per unit leaf area (Fig. 7) , as well as a higher total leaf area per shoot (Fig. 13) , were measured for the normally developed shoots than for the underdeveloped shoots, it was assumed that the total production (and thus export) of carbohydrates was higher in the normally developed shoots. It therefore is expected that a higher yield of better quality may be obtained from normal than from underdeveloped shoots.
Effect of canopy exposure on measured physiological parameters
No significant differences between the canopies were found during the second week after véraison, although a marginally higher photosynthetic rate and lower transpiration rate were measured in the more exposed canopies (Table 1) . Although factors such as the PPFD received and internal CO 2 levels in the leaves could have affected photosynthesis and transpiration, no significant differences in these parameters were found between the shaded and well-exposed canopies (Table 1 ).
The advantageous effect of well-exposed canopies on the physiological activity of the leaves became more noticeable from the third week after véraison. Higher PPFD levels, rates of stomatal conductivity, transpiration and photosynthesis, as well as increased WUE, were measured in the exposed than in the shaded canopies (Tables 2 & 3) . These findings are in agreement with those of Hunter and Visser (1988) , who found an increase in sunlight penetration, an increase in photosynthetic and transpiration rates and None of the above parameters differed significantly between the shaded and well-exposed canopies on a 95% confidence level. None of the above parameters differed significantly between the shaded and well-exposed canopies on a 95% confidence level. 
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FIGURE 13 Average contribution of the primary and secondary leaves to the total leaf area per shoot (Cloete et al., 2006) . a decrease in stomatal resistance with increasing levels of canopy defoliation. Archer (1988) also states that, during optimal light conditions, leaves receiving direct sunlight are photosynthetically the most effective. The higher WUE calculated in the exposed canopies is in accordance with the findings of Hunter and Visser (1988) , who have suggested that the utilisation of CO 2 might be more effective in more exposed canopies. It seemed as if the shoot types were affected differently by the degree of canopy exposure, since the normally developed shoots constantly received higher levels of PPFD in the more exposed canopies throughout the first five weeks of berry ripening, while the underdeveloped shoots received similar exposure to sunlight in the shaded and the wellexposed canopies (Fig. 14) .
It is clear that canopy management practices, and thus the creation of well-exposed canopies (which are strongly recommended in the majority of commercial vineyards), should be executed judiciously. The data on the physiological activity of different shoots illustrate the importance of uniform, normally developed shoots in grapevine canopies.
CONCLUSIONS
In the first five weeks after véraison, photosynthesis, transpiration, stomatal conductivity and WUE decreased as berry ripening progressed, while the internal CO 2 levels in the leaves increased. This may be ascribed to an increase in leaf age of the basal leaves and consequent change in internal anatomy and functionality, a decreased demand for assimilates by the vine, a decrease in the PPFD received, and an increase in water deficit.
The difference in physiological activity between leaves from the normally developed and underdeveloped shoots became apparent in the third week after véraison. It was found that the physiological activity (photosynthetic and transpiration rates) of leaves on the normal shoots was significantly higher than that of leaves on the underdeveloped shoots, on a leaf area basis, in the third as well as the fifth week after véraison. Since the total leaf area per normal shoot was also significantly higher than that per underdeveloped shoot, it can be accepted that the total carbohydrate production in normal shoots would be significantly higher than in underdeveloped shoots.
The improving effect on physiological activity induced by better exposure of the canopies also became apparent from the third week after véraison. Although none of the differences were statistically significant, leaves in the well-exposed canopies received higher levels of PPFD and displayed higher rates of photosynthesis and transpiration, with lower stomatal resistance and lower internal CO 2 levels. At five weeks after véraison, the photosynthetic rate of the leaves was significantly higher in the exposed than in the shaded canopies.
The results confirm that canopy management practices contribute to the improvement of leaf functioning in canopies that are less than ideal. The importance of a well-exposed canopy with homo geneous, normally developed shoots for promoting the physiological activity of the leaves and the potential for higher yields and grape quality is underlined. 
